Reentrance of the induced diamagnetism in gold-niobium proximity cylinders 
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We discuss the magnetic response of gold-niobium proximity cylinders in the temperature range 100 fiK < 
T < 9K. The temperature dependence of the susceptibility in the diamagnetic regime is described well 
by the quasiclassical Eilenberger theory including an elastic mean-free path £. In the mesoscopic regime, 
the temperature dependence of the reentrant paramagnetic susceptibility Xpara(T) ex cxp [— L/3£jy(T)] is 
governed by the dirty limit coherence length £fj(T) = \J l/3§jv^jV; with fjy the clean limit coherence length 
obtained from breakdown field measurements and £jv the measured mean-free path in the gold layer. At 
T = 100 fiK, Xpara compensates about 1/5 of the induced diamagnetic susceptibility in gold. 



The field of mesoscopic physics, including supercon- 
ducting structures in proximity with normal metals, has 
attracted a wide interest, recentlytl. In particular, ex- 
perimental work on transport properties of mesoscopic 
proximity systems has been enabled by recent advances 
in nanostructure fabrication technology. In addition, ex- 
tensive theoretical and experimental work on magnetic 
properties has led to the understanding of the high- 
temperature diamagnetic response of rather clean-normal 
metal-superconductor (NS) proximity structures 3 in the 
context of the quasiclassical Eilenberger theorjtl as well 
as the magnetic breakdown transitions!! 

On the other hand, the paramagnetic reentrance phe- 
nomenon™ discovered some years ago in silver-niobium 
cylindersB is still .a, spatter of discussion. Recently, three 
theoretical workaJLJ have addressed the origin of para- 
magnetic currents in NS svstems from different points 
of view. Bruder and Imryfl consider non Andreev re- 
flecting trajectories at the outer surface of NS proximity 
cylinders (glancing states), which give a paramagnetic 
correction to the Meissner susceptibility. This result has 
been subject to debate because o£ its small magnitudes. 
The approach by Fauchere et alu assumes a net repul- 
sive interaction in the noble metals. In their case, the 
7T— shift of the order parameter then leads to spontaneous 
paramagnetic currents at the NS interface. In the most 
recent work by Maki and HaasQ the noble metals copper, 
silver, and gold are assumed to show p-wave supercon- 
ducting ordering below transition temperatures close to 
where the paramagnetic reentrance effect occurs. In their 
model, a quantized counter-current is generated in the 
periphery of the NS cylinders, compensating the Meiss, 
effect. Unfortunately, neither of the present theoriesl 
correctly explain the absolute value or the temperature 
dependence of the paramagnetic reentrant effect. A more 
detailed discussion can be found in Ref. [l0]. 

In view of the most recent two theoriesaQ, which 
depend on specific (assumed) properties of the nor- 
mal metals, it is important to check the reentrant ef- 
fect in NS junctions of different materials. Here, we 
report on the reentrance of the magnetic susceptibil- 
ity of a gold-niobium sample, covering a large meso- 
scopic regime down to /iK-temperatures. This new ma- 



terial combination gold-niobium, follows our previous 
investigational of the paramagnetic reentrant effect in 
AgNb and CuNb specimens superimposing on fully in- 
duced Meissner screening. 

The sample reported here is an ensemble of cylindri- 
cal wires with a superconducting core of soft niobium 
(RRR ~ 300) ftMTcentrically embedded in a normal-metal 
matrix of goldtil. The total diameter was mechanically, 
reduced by several steps of swagging and co-drawingtL3 
to the final value 23 /im, with average normal layer thick- 
ness 3.2 /im. We chose not to anneal this sample, since 
gold dissolves in niobium as well as Nb in_Au up to 5- 
10 percent for temperatures above 500°CEi± For this 
sample the value of the mean-free path £n ~ O.Sdjsf was 
obtained from resistivity measurements. The detailed 
sample preparation was done as for the samples reported 
in Ref. |[ 

A bundle of about 200 wires was placed directly inside 
the mixing chamber of a dilution refrigerator in contact 
with the liquid 3 He- 4 He solution. Using an rf-SQUID 
sensor, we measured inductively the temperature and 
field dependent ac-magnetic susceptibility as well as dc 
magnetization curves for 7mK < T < 7K. For ther- 
mometry, the Curie-type magnetic susceptibility of the 
paramagnetic salt CMN (cerium magnesium nitrate) was 
measured, calibrated with Ge resistors. 

Extensions of the measurements to /iK temperatures 
were performed at the ultralow temperature (ULT) facil- 
ity at the University of Bayreuth. There, an experimental 
setup was installed for inductive measurements using an 
rf-SQUID sensor. Magnetic fields were applied along the 
axis of the wires. 

For the ULT experiments, we took parts of the wire 
bundle measured in our dilution refrigerator, and glued 
them with GE 7031 varnish to high purity gold foils 
tightly attached to a silver finger, in good. electrical con- 
tact with the Cu demagnetization stageO. Thus, about 
200 wires were mounted. Temperatpses were measured 
with a pulsed NMR Pt thcrmometerOJ. 

In the following we report on the temperature depen- 
dent magnetic susceptibility of the gold-niobium sam- 
ple 41AuNb [Fig. 0| . We show Xac{T) between 7mK and 
9 K, measured in our dilution refrigerator with field amp- 
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FIG. 1. Magnetic susceptibility Xac (•)> Xdc (°), and 
numerical fitEl with l/d,N = 0.14 (short-dashed line) of 
gold-niobium sample 41AuNb as a function of temperature 
(Hdc fr 0.2 Oe). For comparison Xac, Xdc (o), and numeri- 
cal fita with 1/cLn =0.55 (long-dashed line) of silver-niobium 
sample 3AgNb. 

litude H ac = 33 mOc {Hd c « 0) and frequency v = 80 Hz, 
as well as Xdc{T) at constant Hd c = 0.2 Oe at ULT and 
LT. 

Below the critical temperature of Nb (T c — 9.2 K), 
the magnetic susceptibility of the N layer exhibits dia- 
magnetism induced through Andreev reflection at the NS 
interface. At lower temperatures, it develops almost to- 
tal Meissner screening in the Au layer, as in comparable 
AgNb samplesn. 

The numerically obtained curvea with only one pa- 
rameter £ fits the experimental data very well over the 
whole temperature range above the Andreev tempera- 
ture Ta — hvF/ZnkBdN. For sample 4lAuNb it is 
Ta = 530 mK. The value of £/cIn is 0.14, about a fac- 
tor of two smaller than the value In/^n = 0.3, obtained 
from resistivity measurements. 

The fit is surprisingly good, if one takes into account 
the difference in geometry between experiment and the- 
ory, as well as the neglect of the boundary roughness 
in the theory and other imperfections inevitably present 
in the sample. The quasiclassical theory of the proxim- 
ity effect with a finite mean-free path parameter £ due 
to a low concentration of elastic scatterersa, is able to 
describe the linear susceptibility data of our relatively 
clean AuNb specimen as well-as it was previously shown 
for AgNb and CuNb systemsa. 
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FIG. 2. (a) Isothermal magnetic susceptibility Xac(H) at 
temperatures T = 7mK (•), 100 mK (+), 200 mK (x), 
and 400 mK (o) and (b) isothermal dc-magnetization curve 
at T = 7mK for sample 41AuNb. The low-(high-)field 



transitions correspond to effective thickness d 



(i) 



4.0 /im 



(d 



(2) 



1.8 (im) of the gold layer. The arrows indicate the 



direction of field changes. 
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FIG. 3. Supercooled (o) and superheated (•) field as 
a function of temperature and exponential fits [see Eqn. 
hi for sample 41AuNb. The different data correspond to 
the low-(high-)field transitions for effective gold thickness 
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For comparison, in Fig. [I] we also have plotted the tem- 
perature dependent diamagnetic susceptibility of a silver- 
niobium sample described in Ref. [lO] [sample 3AgNb, 
cIn = 5.5 /im, Ta — 310 mK] and its numerical fit with 
i/dw — 0.55. A close examination of both curves shows 
that, the diamagnetic susceptibility of the gold-niobium 
sample develops not so steep as for the AgNb sample, 
due to a higher level of impurities. Moreover, as has 
been shown by the authors! and in Fig. flL there are con- 
siderable deviations of the experiment from the theoret- 
ical curves at temperatures T < Ta, where the surface 
qualitv-has a stronger influence, not accounted for in the 
theoryS. 

We also have investigated the nonlinear-magnetic re- 
sponse in the low-temperature regime, where the induced 
diamagnetism shows approximately full Meissner screen- 
ing. The magnetic breakdown of the induced supercon- 
ductivity, a first-order phase transition, was measured for 
the gold-coated NS proximity sample. In Fig. ||(a), the 
isothermal nonlinear susceptibility as a function of mag- 
netic field is shown for different temperatures between 
7mK and 400 mK. An isothermal magnetization curve 
for T = 7mK is displayed in Fig. @(b). 

The double transitions displayed in Fig. g are caused 
by the displacement of the niobium cores from the cen- 
ter of the cylinders during our drawing procedure of the 
niobium inside the soft gold matrix. The two nearly sep- 
arated transitions (1) and (2) correspond to two differ- 
ent effective thicknesses of the gold layer d N and d N . 

(1 2) 

The supercooled and superheated fields H sc ' sh for each 
breakdown transition are shown as a function of temper- 
ature in Fig. [|. At temperatures well above O.ITa, the 
experimental breakdown fields follow the exponential de- 
pendence 
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indicated in Fig. || as solid lines. This is similar to the 
theoretical clean limit expression as given in Ref. 0. 
Experimentally we found 



6v(T) =p.£ T , 



(2) 



with the clean limit thermal length in gold 

£ T = hv F /2iTk B T = 1.7nm/T(K). (3) 

For this gold-niobium sample 4lAuNb, the value of the 
prefactor p is 0.5. Several other gold- niobium specimens 
showing paramagnetic reentrance have 0.4 < p < 0.7. 
The temperature dependence of Eqn. |lj with p < 1 is 
analogous to our findings in silver-niobium-samples with 
0.15 < In/An < 0.3 and copper sampleal3'0, indicating 
an elevated density of scattering centers with respect to 
the clean samples with p = 1. 
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FIG. 4. Magnetic susceptibility Xdc(T) at H dc = 0.2 Oe (o) 
and Xac{T) (•) below T r = 40 mK as a function of square-root 
of temperature, for sample 41AuNb. The dashed line is an 
exponential fit with 47rx P ara = 0.23 exp (— yT/yl mK). 

In the linear magnetic susceptibility [Fig. pj, for sam- 
ple 41AuNb below T r ~ 40 mK the signature of reen- 
trance is observed, with the development of an addi- 
tional paramagnetic susceptibility XparaC? 1 ), such that 

XN(T) = Xdia(T) + Xpara(T). 

For this sample, the paramagnetic reentrance occurs 
at lower temperatures than for AgNb samples of simi- 
lar sizes and shows a weaker increase as the tempera- 
ture is reduced. In spite of the smaller value of Xpara 
of the gold-niobium sample, the reentrant effect below 
« 500 p,K shows a strong temperature dependence with 
no signs of saturation down to the minimal temperature 
« 100 p,K. The silver-niobium sample in Fig. u\ shows sat- 
uration of the magnetic susceptibility below rs 400 pK, 
which could be intrinsic or lack of equilibrium. Indeed, 
long-time effects of the order of several days showing for 
the silver-niobium samples discussed in Ref. [L0l have not 
been observed in sample 41AuNb. 

Hysteresis effects which were very important in the 
silver-niobium samples described in Ref. Efl, were not ob- 
served in the gold-niobium sample, possibly due to the 
very small value of Xpara above 7mK, where we could 
trace it on cooling and warming. 

Fig. H shows the reentrant paramagnetic susceptibility 
below T r . The data exponentially increases as 



4^Xpara(T) = A exp {- y/f/Th) . 



(4) 



with characteristic temperature Tq = 1 mK and prefac- 
tor A — 0.23. The value of the characteristic temper- 
ature can be connected to an energy through /c^To = 
4.7HvfIn /67ri 2 , with In the measured mean-free path 
and L = 72 pm the wire perimeter. 

Alternatively, we use the experimental coherence 
length of the Andreev pairs £n — p£,T in Au, ob- 
tained from our breakdown field measurements, in the 
expression for the dirty limit coherence length £^ = 
\/1/3^jv^jv- Thus, we find for the temperature depen- 
dence of the paramagnetic reentrant susceptibility 
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Aexp 
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(5) 



The dirty-limit coherence length £,%{T) in Eqn. 
again indicates the stronger level of impurities in the 
gold-niobium sample 41AuNb as compared to the silver- 
niobium samples discussed in Ref. 10. Due to the short 
mean-free path £n the induced diamagnetism is only 
slightly weaker as compared to sample 3AgNb, whereas 
the paramagnetic reentrant susceptibility is in the dirty 
regime. Xpara develops below a lower characteristic tem- 
perature T r and is by a factor of five smaller than for 
sample 3AgNb. From these results it is evident that, 
impurities have a much stronger influence on the para- 
magnetic reentrance phenomenon than on the proximity 
effect. 

In summary, we have found the paramagnetic reen- 
trance phenomenon in gold-coated niobium proximity 
cylinders. For these NS samples, the absolute value of 
the paramagnetic reentrant susceptibility is considerably 
smaller than in clean silver-niobium specimens, showing 
a stronger influence of scattering centers, the quality of 
the NS interface, as well as the free surface. The temper- 
ature dependence of Xpara is governed by the dirty limit 
coherence length, which becomes of the order of the wire 
perimeter. 

The paramagnetic reentrant behavior of gold-niobium 
cylinders has to be viewed in light of the,expected super- 
conductivity in Au below T c w 200 ^KLLj for a very, cure 
gold sample, as well as the theoretical assumptions&Q for 
this element. 
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